We examined the effects of development, exogenous, and endogenous glucocorticoids on Na þ ,K þ -ATPase activity and subunit protein expression in ovine cerebral cortices and renal cortices. Ewes at 60%, 80%, and 90% gestation, newborns, and adults received 4 dexamethasone or placebo injections. Cerebral cortex Na þ ,K þ -ATPase activity was higher (P < .05) in placebotreated newborns than fetuses of placebo-treated ewes and adults, a 1 -expression was higher at 90% gestation than the other ages; a 2 -expression was higher in newborns than fetuses; a 3 -expression was higher in newborns than 60% gestation; b 1 -expression was higher in newborns than the other ages, and b 2 -expression higher at 60% than 80% and 90% gestation, and in adults. Renal cortex Na þ ,K þ -ATPase activity was higher in placebo-treated adults and newborns than fetuses. Cerebral cortex Na þ ,K þ -ATPase activity was higher in dexamethasone-than placebo-treated adults, and a 1 -expression higher in fetuses of dexamethasone-than placebo-treated ewes at 60% and 80% gestation. Renal cortex Na þ ,K þ -ATPase activity and a 1 -expression were higher in fetuses of dexamethasone-than placebo-treated ewes at each gestational age, and b 1 -expression was higher in fetuses of dexamethasone-than placebo-treated ewes at 90% gestation and in dexamethasone-than placebo-treated adults. Cerebral cortex Na þ ,K þ -ATPase activity, a 1 -expression, b 1 -expression, and renal cortex a 1 -expression correlated directly with increases in fetal cortisol. In conclusion, Na þ ,K þ -ATPase activity and subunit expression exhibit specific developmental patterns in brain and kidney; exogenous glucocorticoids regulate activity and subunit expression in brain and kidney at some ages; endogenous increases in fetal cortisol regulate cerebral Na þ ,K þ -ATPase, but exogenous glucocorticoids have a greater effect on renal than cerebral Na þ ,K þ -ATPase.
Introduction
Sodium-potassium-adenosinetriphosphatase (Na þ ,K þ -AT Pase) is one of the principal regulators of intracellular ion homeostasis. Its primary role is to maintain high intracellular K þ and low intracellular Na þ concentrations. This exchange generates electrochemical gradients that control the ionic cellular environment critical for water and electrolyte homeostasis, cell volume regulation, and generation of action potentials. 1 This enzyme is also critical for growth, differentiation, and survival of cells, central nervous system development, neuronal guidance, 2 and renal tubular ion transport. 3 It is expressed abundantly in the brain, skeletal muscle, cardiac muscle, and kidney. Na þ ,K þ -ATPase comprises aand b-subunit protein isoforms that are essential to normal enzymatic function. 4 The a polypeptide subunit of Na þ ,K þ -ATPase serves as the catalytic insertion site for ATP hydrolysis. The b-subunit is a smaller polypeptide that plays a role in ensuring the proper orientation of the a-subunits in the cell membrane. The b-subunits are also enzymatically active, as they are responsible for the K þ -dependent reactions of the P-type ATPases, including Na þ ,K þ -ATPase. 5 Multiple isoforms for both the a-(a 1 , a 2 , a 3 , and a 4 ) and b-(b 1 , b 2 , and b 3 ) subunits have been identified based on their amino acid composition, molecular weight, and sensitivity to ions, alkylating agents, and cardiac glycosides such as ouabain. 6, 7 The major isoforms expressed in most epithelial cells are the a 1 -and b 1 -isoforms. 8 Of the 3 a-subunits identified in brain, 9 in situ hybridization techniques demonstrated a 1 -subunit expression in glial cells and neurons, a 2 in glial cells, and a 3 in neurons. [9] [10] [11] Three b-subunits have been identified in brain; the b 1 -subunits are found in neurons, b 2 predominantly in glial cells, 11 and b 3 in oligodendrocytes. 12 The kidney contains predominantly a 1 -and b 1 -subunits. 13, 14 The tissue-specific expression of Na þ ,K þ -ATPase subunits is coupled to the physiological demands of the particular tissue. 2 The existence of different isoforms most likely serves 2 primary physiological functions: they permit differential expression with slightly modified characteristics, and/or they allow different hormones or second messenger systems to act on the transcription of different genes in specific cell types. 15 Na þ ,K þ -ATPase is activated and deactivated by hormonal, nutritional, and electrical influences. Glucocorticoids are one of the most potent drugs used in perinatal medicine and have been shown to facilitate the transition from fetal to neonatal life by their beneficial effects on multiple organ systems. 16, 17 The effects of glucocorticoids during development are species-, tissue-, and age-specific. [18] [19] [20] [21] Glucocorticoids can result in precocious changes in developmentally regulated proteins in a variety of different tissues. 22 Antenatal glucocorticoid therapy has been widely used to reduce the incidence of respiratory distress syndrome and intraventricular hemorrhage in premature infants. 19 Postnatal dexamethasone is used to attenuate lung damage associated with mechanical ventilation in premature infants. However, recent findings suggest that postnatal glucocorticoid use may be associated with adverse neurodevelopmental outcomes. 23 In addition, adrenocorticotropic hormone (ACTH) and glucocorticoids are often used in newborn and young infants to treat infantile spasms.
We have shown that maternal glucocorticoid treatment reduces bloodÀbrain barrier permeability and regional brain water contents in fetal sheep 20, 24, 25 and that postnatal treatment of newborn lambs with relatively high doses (0.5 mg/kg) of dexamethasone increases Na þ ,K þ -ATPase activity and a 1 -subunit expression in the cerebral cortex but not the renal cortex. 26 Hence, antenatal glucocorticoids affect the fetal brain, and postnatal treatment with glucocorticoids upregulates Na þ ,K þ -ATPase activity in the cerebral cortex.
Evidence also suggests that glucocorticoids affect fetal and neonatal water and electrolyte homeostasis. 27 In the fetal kidney, glucocorticoids alter renal gene expression and accelerate renal functional maturation. 16, 17 Antenatal glucocorticoid treatment also accelerates the maturation of renal function in premature human infants potentially by inducing tubular Na þ ,K þ -ATPase activity. 28 A study by Petershack et al supported this concept, by demonstrating that intraperitoneal cortisol infusions increased Na þ -K þ -ATPase activity in the kidneys of late gestation fetuses, 29 suggesting that this is one of the mechanisms by which glucocorticoids accelerate renal maturation in premature infants. 28, 30 Doses of glucocorticoids similar to those used in the clinical setting could have important effects on Na þ ,K þ -ATPase both before and after birth. Moreover, these effects could differ depending on the organ system and stage of development examined. Although Na þ , K þ -ATPase is an important regulator of cellular function, limited information is available concerning the effects of development, as well as the influence of glucocorticoid treatment and the effects of changes in endogenous fetal cortisol concentrations on Na þ ,K þ -ATPase activity and protein subunit expression in the same mammalian species during development. The sheep fetus has been widely used to study the development of both the brain and kidney. [16] [17] [18] 29, 31, 32 Given the above considerations, we tested the hypotheses that development, as well as exogenous and endogenous glucocorticoids, increases Na þ ,K þ -ATPase activity and its isoform expression in cerebral cortex and renal cortex of ovine fetuses, lambs, and adult sheep.
Methods
This study was conducted after approval by the Institutional Animal Care and Use Committees of Brown University and Women and Infants Hospital of Rhode Island according to the National Institutes of Health Guidelines for use of experimental animals.
Animal Preparation
Surgery was performed on 81 pregnant mixed-breed ewes at 60% of gestation (n ¼ 34), 80% of gestation (n ¼ 20), and 90% of gestation (n ¼ 27), newborn lambs (n ¼ 20), and adult sheep (n ¼ 7). The plasma and tissue samples in the current study were obtained as part of our previously published studies to examine the effects of glucocorticoid pretreatment on bloodbrain barrier permeability and tissue water contents. 20, 21, 25, 32 As previously described in detail, surgery was performed under 1% to 2% halothane anesthesia in the pregnant ewes and adult sheep. 20, 25, 32 Fetal catheters for the bloodÀbrain barrier permeability studies were placed into the brachial vein and thoracic aorta. Catheters were placed in the femoral veins and arteries in the adult sheep. In the 2-day-old lambs, venous and arterial catheters were placed in the superior vena cava and thoracic aorta under 0.5% to 1% isoflurane anesthesia. 21 
Experimental Protocol and Methodology
After 2 to 6 days of recovery from surgery for the ewes and 24 hours for the adult sheep, the subjects were randomly assigned to receive either four 6 mg doses of dexamethasone (Fujisawa, Deerfield, Illinois; concentration ¼ 4 mg/mL, 1.5 mL was given to each ewe or adult sheep) or placebo (0.9% sodium chloride [NaCl]) as intramuscular injections every 12 hours over the course of 48 hours. Twenty-four hours after recovery from surgery, the newborn lambs were assigned to receive either four 0.01 mg/kg per dose of dexamethasone or placebo (0.9% NaCl). 21 The plasma and tissue samples were obtained 66 hours after the initial injection of dexamethasone or placebo and 18 hours after the final injections were given to the ewes, lambs, and adult sheep. For the purpose of this report, the fetuses of the placebo-treated ewes, placebotreated newborn lambs and adult sheep hereafter are designated as the control fetuses, newborn lambs, and adult sheep.
Total cortisol plasma concentrations were measured in duplicate using Clinical Assays GammaCoat Cortisol 125 I-radioimmunoassay (DiaSorin, Stillwater, Minnesota). The GammaCoat antiserum exhibits 100% cross-reactivity with cortisol. The observed coefficient of variation for inter-and intra-assay precision was 10.1% and 7.9%, respectively.
At the end of the study, each ewe was given intravenous pentobarbital (15-20 mg/kg) to achieve a surgical plane of anesthesia. A hysterotomy was performed, and the fetus was withdrawn from the uterus. 20, 25 The ewe was sacrificed with an overdose of pentobarbital (100-200 mg/kg). After carefully removing all of the meninges, the frontal cerebral cortex was sectioned. The renal cortex was separated from the renal medulla. Tissue samples were not obtained from the renal medulla for analysis. The frontal cerebral cortex and renal cortex were immediately frozen in liquid nitrogen and stored at À80 C until analysis. For the purpose of this study, the frontal cerebral cortex hereafter is designated as the cerebral cortex.
Preparation of Crude Membrane Fractions
Cerebral cortical and renal cortical crude total membranes were separated from soluble proteins by homogenization and differential centrifugation, 33 using an homogenization buffer (5% sorbitol, 5 mmol/L histidine brought to pH 7.5 with 5 mmol/L imidazole, 0.5 mmol/L Na 2 EDTA, and proteolytic enzyme inhibitors: 10 ug of aprotinin, 1 ug of leupeptin, and 25 ug of 4-aminoethyl-benzensulfonyl fluoride per ml of extraction buffer). Protein concentrations of the homogenates were determined with a bicinchoninic acid protein assay (BCA, Pierce, Rockford, Illinois).
Na þ ,K þ -ATPase Activity
The membrane preparations were assayed for ouabain-sensitive Na þ ,K þ -ATPase activity according to the method of Lo et al, 34 as modified by Schmitt and McDonough 35 by incubation of the membranes in 0.1% sodium deoxycholate, immediately before the ATPase assay to permeabilize the membrane vesicles. Briefly, a 0.1 mL aliquot of membrane preparation (5-10 mg protein/mL) was added to 0.8 mL homogenization buffer (5% sorbitol, 0.005 mol/L histidine, 0.003 mol/L imidazole, and 0.0005 mol/L Na 2 EDTA). To this was added 0.1 mL of 1% deoxycholate for vesicle permeabilization. After the membrane preparation, 0.8 mL of assay medium (0.004 mol/L MgCl 2 , 0.001 mol/L Na 2 EDTA, 0.04 mol/L Tris-HCL, 0.004 mol/L NaN 3 , 0.142 mol/L NaCl, 0.025 mol/L KCl), with and without 0.003 mol/L ouabain, was equilibrated for 5 minutes at 37 C. To this mixture, 0.1 mL of 0.03 mol/L ATP was added. The reaction was initiated by the addition of 0.1 mL membrane mixture. After 15 minutes, the reaction was stopped by the addition of 0.2 mL cold 30% trichloroacetic acid (TCA). The reaction tubes were placed on ice for 30 minutes. After centrifugation, the supernatant was collected and the liberated inorganic phosphate (P i ) assayed colorimetrically by the method of Fiske and Subbarow. 36 Briefly, 1.5 mL of ammonium molybdate solution (0.001 mol/L (NH 4 ) 6 Mo 7 O 24 /0.5N H 2 SO 4 ) was added to 0.5 mL of test supernatant or standard. To this, 0.25 mL of reducing agent (0.56 mol/L SO 3 plus 0.0042 mol/L 1-amino-2-napthol-4sulfonic acid) was added. Samples were incubated at room temperature for exactly 15 minutes and absorbance read at 660 nm (Perkin Elmer UV/VIS Spectrophotometer, Lambda 2 Newton Centre, Massachusetts). Na þ ,K þ -ATPase activity was calculated as the difference between total activity and ouabaininsensitive activity. Results were expressed as micromoles inorganic phosphate (P i ) per milligram homogenate protein per hour. 34 Each sample was analyzed twice, in triplicate. The final value represented the average of 6 values.
Western Immunoblot Detection and Quantification of a 1 -, a 2 -, a 3 -, b 1 -, and b 2 -Subunit Isoform Expression
The membrane preparations from the cerebral cortex and renal cortex described above were used for the Western immunoblots. The expression of a 1 -, a 2 -, a 3 -, b 1 -, and b 2 -subunits was measured with subunit-specific antisera. The a 1 -and b 1 -subunit isoform expression were examined in both the cerebral cortex and renal cortex of ovine fetuses, lambs, and adult sheep because these subunits are ubiquitous in both brain and kidney. 26, 37 The a 2 -, a 3 -, and b 2 -isoforms were examined only in the cerebral cortex because they are expressed predominantly in brain. 37 Samples from all age groups exposed to dexamethasone or placebo along with aliquots of the tissue extracts obtained from a single adult sheep brain or kidney were placed on each immunoblot.
We initially selected the adult sheep kidney to use as an internal control standard because we had sufficient tissue available to use tissue aliquots from a single adult kidney in all studies and the adult kidney expresses the a 1 -and b 1 -subunits. 26, 37 At first, we examined the cerebral cortical a 1 -and b 1 -subunit isoforms; we then expanded our study to include analyses of the additional subunits (a 2 , a 3 , and b 2 ) in the cerebral cortex. We used adult kidney as the standard for both the brain and kidney a 1 -and b 1 -subunit samples, as these subunits are present in both tissues, and so that one standard could be used for both tissues. Adult brain tissue was used as the internal control standard for the a 2 -, b 2 -, and a 3 -subunits as these subunits are expressed primarily in brain. For the purpose of this report, the adult brain or kidney internal control samples hereafter are referred to as the internal control samples. Although the b 3 -subunit is expressed in rat and mouse oligodendrocytes, consistent with previous work in sheep, we were not able to identify this subunit in ovine cerebral cortex. 12 As previously described, 26, 37 the internal control samples served as a control for quality of loading and transfer of the samples, for normalization of the cerebral cortical and renal cortical densitometric values, and to permit accurate comparisons among the different immunoblots. 26, 37 The experimental autoradiographic densitometry values were expressed as a ratio of the internal control, facilitating normalized comparisons among the groups.
Each immunoblot included samples from the different treatment groups along with 3 internal control samples. The internal control samples were included in 3 lanes, as the first, middle, and last samples on each immunoblot. The values for the experimental samples were accepted as valid only if the coefficient of variation for the internal control samples was less than 20% on each immunoblot. Molecular weight standards (Bio-Rad Laboratories, Hercules, California) were included in each immunoblot. Uniformity in inter-lane loading was also established using the Coomassie blue stain (Sigma, St Louis, Missouri) for the polyacrylamide gels, and uniformity of transfer to the polyvinylidene fluoride membranes (polyvinylidene diflouride [PVDF], 0.2 micron, Bio-Rad Laboratories) confirmed with the Ponceau S stain (Sigma). 38 Brain and kidney samples were extracted and protein concentration was determined as described above. Solubilized preparations were then fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis for the a 1 -, a 2 -, a 3 -, b 1 -, and b 2 -subunit isoforms and transferred onto PVDF membranes using a semi-dry technique. The membranes were blocked with 5% nonfat milk for 1 hour at 37 C and washed in Tris-buffered saline with Tween (TBST) 5 times for 5 minutes per wash. Immunoblots were then incubated in primary antibody in TBST.
The a 1 -and b 1 -subunits were probed with a mouse monoclonal anti-sheep Na þ ,K þ -ATPase subunit antibody (Affinity Bioreagents, Golden, Colorado) at a dilution of 1:5000 and 1:1000, respectively, for 1 hour at room temperature. The a 2and b 2 -subunits were probed with rabbit polyclonal anti-rat Na þ ,K þ -ATPase a 2 -and b 2 -isoform antibodies (Upstate Chemicon, Baltimore, Maryland) at a dilution of 1:5000 at 4 C over night. The a 3 -isoform was probed with a mouse monoclonal anti-sheep Na þ ,K þ -ATPase at a dilution of 1:5000 at 4 C over night. The immunoblots were washed in TBST 5 times for 5 minutes per wash and incubated for 1 hour at room temperature with donkey anti-mouse horseradish peroxidase-conjugated secondary antibody (Affinity Bioreagents, Golden, Colorado) at a dilution of 1:5000 and 1:1000 for the a 1and b 1 -subunits, respectively. The a 2 -and b 2 -subunits were incubated for 1 hour at room temperature with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (Alpha Diagnostic, San Antonio, Texas) at a dilution of 1:10000 and the a 3 -subunit was incubated with goat anti-mouse horseradish peroxidase-conjugated secondary antibody (Zymed, South San Francisco, California) at a dilution of 1:10000. The immunoblots were again washed in TBST 5 times for 5 minutes per wash. Binding of the secondary antibody was detected with enhanced chemiluminescence (ECL) Western blotting detection reagents (Amersham Pharmacia Biotech, Inc, Piscataway, New Jersey) before exposure to Hyperfilm ECL (Amersham Pharmacia Biotech, Inc).
Densitometric Analysis
Band intensities were analyzed with a Gel-Pro Analyzer (Media Cybernetics, Silver Spring, Maryland). All experimental samples were normalized to the average of the 3 internal control values on each immunoblot. The final values represented an average of the densitometry values obtained from the different immunoblots as a ratio of the average internal control sample. This method correlates well with values that were normalized as ratios to b-actin. 26 
Statistical Analysis
Two-way analysis of variance (ANOVA) was used to compare values among the different age groups pretreated with dexamethasone and placebo. The factors were age group (fetuses at 60%, 80%, and 90% of gestation, newborn, and adult), treatment (placebo or dexamethasone), and organ (brain or kidney). To further describe and enhance the statistically significant treatment by organ and/or age group interactions, separate ANOVAs were performed for each organ among the different age groups pretreated with dexamethasone and placebo. The ANOVA was then repeated with male and female gender of the fetus and newborn included as an additional factor to rule out the possibility that the gender of the fetuses and newborns influenced the results. If a significant difference was found by ANOVA, the Fisher least significant difference test was used to detect specific differences among the age groups and between the dexamethasone-and placebo-pretreated groups. The Na þ ,K þ -ATPase activity and subunit isoform values in the cerebral cortex and renal cortex were compared to the plasma cortisol concentrations using the least squares regression analysis. The Na þ ,K þ -ATPase activity and subunit isoform values were also compared with gestational age, because plasma cortisol concentrations increase during gestation. 20, 39 In this analysis, we only included the control fetuses because we have previously shown that increases in gestation and endogenous cortisol concentrations were associated with vascular brain maturation during normal fetal development. 20, 40, 41 Multiple regression partial correlational analyses were used to compare the relative strength of the associations between the changes in Na þ ,K þ -ATPase activity and subunit isoform values in the cerebral cortex and renal cortex, and the increases in gestation and plasma cortisol concentrations during fetal development. Differences were considered statistically significant at P < .05. Values are expressed as mean + SD. 20, 21, 25 As expected, 39 the plasma cortisol concentrations showed a direct correlation with gestational age (data not shown, r ¼ .68, n ¼ 32, P < .0001). Dexamethasone pretreatment did not alter the age-related changes in plasma cortisol concentrations. Although plasma cortisol values tended to be lower in the fetuses of the glucocorticoid treated ewes, and treated lambs and adult sheep, particularly in the fetuses at 80% and 90% of gestation, and in the adult sheep, the suppression in the treated groups did not reach statistical significance because of the variances in the cortisol values. None of the dexamethasone-treated animals developed premature labor.
Results
Effects of Development on Na þ ,K þ -ATPase Activity in the cerebral cortex and renal cortex Na þ ,K þ -ATPase activity (mmoles Pi/mg protein/h; Figure 1 ) was significantly higher in the cerebral cortex than renal cortex (ANOVA, main effect for brain vs kidney, F ¼ 279.4, P < .0001). The Na þ ,K þ -ATPase activity in the cerebral cortex was higher in the control lambs than in the fetuses at all ages, and the adult sheep ( Figure 1A , ANOVA, main effect for age in cerebral cortex, F ¼ 175.9, P < .0001). In contrast, Na þ ,K þ -ATPase activity in the renal cortex was higher in the control newborn and adult sheep than in the fetuses at all ages ( Figure 1B , ANOVA, main effect for age in renal cortex, F ¼ 88.5, P < .0001).
Na þ ,K þ -ATPase activity were determined on both male and female fetuses and lambs. To establish potential contributions of male versus female gender to the changes in Na þ ,K þ -ATPase, a separate ANOVA was performed. This analysis showed that the gender of the fetuses and lambs did not contribute to the changes in Na þ ,K þ -ATPase activity during development (ANOVA, main effect for male vs female in cerebral cortex, F ¼ 0.26, P ¼ .61, and in the renal cortex,
Effects of Exogenous Glucocorticoid Pretreatment on Na þ ,K þ -ATPase Activity in the cerebral cortex and renal cortex
There was an overall effect of dexamethasone pretreatment in all the age groups considered together on Na þ ,K þ -ATPase activity (Figure 1 ) in the cerebral cortex (ANOVA, main effect for dexamethasone vs placebo in cerebral cortex, F ¼ 7.3, P < .01). Na þ ,K þ -ATPase activity in the cerebral cortex was higher in the dexamethasone-treated than in 80% gestation: dexamethasone, n ¼ 11, control n ¼ 9, 90% gestation: dexamethasone, n ¼ 12, control n ¼ 10, newborn lambs: dexamethasone, n ¼ 9, control n ¼ 11, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Number of renal cortical samples in the fetuses: 60% gestation: dexamethasone, n ¼ 16, control n ¼ 15, 80% gestation: dexamethasone, n ¼ 8, control n ¼ 9, 90% gestation, dexamethasone: n ¼ 11, control n ¼ 12, newborn lambs: dexamethasone, n ¼ 9, control n ¼ 11, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Values mean+SD. a P < .05 versus control fetuses at 60% of gestation; b P < .05 versus control fetuses at 80% of gestation; c P < .05 versus control fetuses at 90% of gestation; d P < .05 versus control group at the same age; e P < .05 versus control newborn lambs.
Cerebral Cortex
Renal Cortex A B the control adult sheep. There was an overall effect of pretreatment with dexamethasone on Na þ ,K þ -ATPase activity in the renal cortex in all the groups considered together (ANOVA, main effect for dexamethasone vs placebo pretreatment in renal cortex, F ¼ 18.7, P < .0001). Na þ ,K þ -ATPase activity in the renal cortex was higher in the fetuses of the dexamethasone-treated ewes than in the control fetuses at all ages. Figure 2B ). Although the cerebral cortical a 1 -subunit expression appears similar to renal cortical values, and the cerebral cortical b 1 -subunit expression appears higher than that of the renal cortex, the subunit expressions are ratios and, hence, relative values. Therefore, the ratios of the subunits in the cerebral cortex and renal cortex were not compared statistically. The Na þ ,K þ -ATPase a 1 -subunit expression in the cerebral cortex was higher in the control fetuses at 90% than at 60% and 80% of gestation, and than in the lambs and adult sheep ( Figure  2B , ANOVA, main effect for age in cerebral cortex, F ¼ 25.8, P < .0001). The a 1 -subunit expression in the cerebral cortex was lower in the control adult sheep compared with all other age groups.
Effects of
The a 1 -subunit expression in the renal cortex was higher in the control adult sheep than in the control fetuses at all ages and lambs ( Figure 2B , ANOVA, main effect for age in renal cortex, F ¼ 48.2, P < .0001). The a 1 -subunit expression in the renal cortex was also higher in the control lambs and fetuses at 90% of gestation than in the fetuses at 60% and 80% of gestation. The b 1 -subunit expression in the renal cortex was higher in the control adult sheep than in the control fetuses at all ages, and than in control lambs, and also higher in the control fetuses at 60% than at 90% of gestation ( Figure 2B , ANOVA, main effect for age in renal cortex, F ¼ 48.2, P < .0001).
Effects of Exogenous Glucocorticoid Pretreatment on a 1 -and b 1 -Subunit Protein Isoform Expression in the cerebral cortex and renal cortex
There was an overall effect of dexamethasone pretreatment in all the age groups considered together on the a 1 -subunit expression in the cerebral cortex (ANOVA, main effect for dexamethasone vs placebo pretreatment in cerebral cortex, F ¼ 9.4, P < .01). The a 1 -subunit expression was higher in the fetuses of the dexamethasone-treated ewes than the control fetuses at 60% and 80% of gestation. Dexamethasone treatment did not affect the b 1 -subunit expression.
There was an overall effect of pretreatment with dexamethasone on the a 1 -subunit expression in the renal cortex (ANOVA, main effect for dexamethasone vs placebo pretreatment in renal cortex, F ¼ 10.38, P < .01). The a 1 -subunit expression was higher in the fetuses of the dexamethasonetreated ewes than control fetuses at all ages and was lower in the dexamethasone-treated than control adult sheep.
There was an overall effect of pretreatment with dexamethasone on b 1 -subunit expression in the renal cortex (ANOVA, main effect for dexamethasone vs placebo pretreatment in renal cortex, F ¼ 23.1, P < .0001). The b 1 -subunit expression was higher in the fetuses of the dexamethasone-treated ewes than in the control fetuses at 90% of gestation and in the dexamethasone-treated than control adult sheep.
Effects of Development on Na þ ,K þ -ATPase a 2 -, b 2 -, and a 3 -Subunit Isoform Expression in the cerebral cortex Figure 3A summarizes representative Western immunoblots illustrating the Na þ ,K þ -ATPase a 2 -, b 2 -and a 3 -subunit isoform protein expression in the cerebral cortex of fetuses, lambs, and adult sheep pretreated with dexamethasone and placebo. The a 2 -subunit expression in the cerebral cortex was higher in the control lambs than in the fetuses at all ages (Figure 3B , ANOVA, main effect for age, F ¼ 15.2, P < .0001). The a 2 -subunit expression was also higher in the control adult sheep and fetuses at 90% of gestation than the fetuses at 60% of gestation. The b 2 -subunit expression was higher in the control fetuses at 60% of gestation than at 80% and 90% of gestation and in the adults ( Figure 3B , ANOVA, main effect for age, F ¼ 12.2, P < .0001). The b 2 -subunit expression was also higher in the control lambs than the fetuses at 90% of gestation. The a 3 -subunit expression was higher in the control lambs than in the fetuses at 60% of gestation ( Figure 3B , ANOVA, main effect for age, F ¼ 5.4, P < .01).
Effects of Exogenous Glucocorticoid Pretreatment on
Na þ ,K þ -ATPase a 2 -, b 2 -,
and a 3 -Subunit Isoform Expression in the cerebral cortex
Dexamethasone treatment did not affect the a 2 -, b 2 -or a 3 -subunit expression.
Effects of Gestation and Endogenous Plasma Cortisol Concentrations on Na þ ,K þ -ATPase Activity and Subunit Protein Isoform Expression in the Control Fetuses
To examine the potential relationships between Na þ ,K þ -ATPase activity and subunit protein isoform expression and endogenous glucocorticoid concentrations during normal fetal development, Na þ ,K þ -ATPase activity, and subunit expression as a ratio of the internal control standard were compared to plasma cortisol concentrations in the control fetuses. The activity and subunit expression were also compared to gestational age, because the plasma cortisol concentrations increase with advancing gestation. Na þ ,K þ -ATPase activity demonstrated direct relationships with increases in both gestation and endogenous plasma cortisol concentrations in the cerebral cortex, but not in the renal cortex ( Figure 4A cerebral cortex: gestation: r ¼ .85, n ¼ 33, P < .001; plasma cortisol Figure 2 . Panel A shows representative Western immunoblots of the Na þ ,K þ -ATPase a 1 -and b 1 -subunit isoform protein expression in the cerebral cortex and renal cortex for the dexamethasone pretreatment (D) and control (C) groups at 60%, 80%, 90% of gestation, newborn lambs, and adult sheep. One representative sample is shown for each group. Panel B shows Na þ ,K þ -ATPase a 1 -and b 1 -subunit isoform protein expression in the cerebral cortex and renal cortex plotted as a ratio of the densitometry values to the internal control samples. Bar designations as of Figure 1 . Number of cerebral cortical a 1 -subunit samples in the fetuses: 60% gestation: dexamethasone, n ¼ 6, control n ¼ 6, 80% gestation, dexamethasone: n ¼ 6, control n ¼ 4, 90% gestation, dexamethasone: n ¼ 6, control n ¼ 6, newborn lambs: dexamethasone, n ¼ 4, control n ¼ 4, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Number of cerebral cortical b 1 -subunit samples the fetuses: 60% gestation: dexamethasone, n ¼ 6, control n ¼ 6, 80% gestation: dexamethasone, n ¼ 6, control n ¼ 4, 90% gestation: dexamethasone, n ¼ 6, control n ¼ 6), newborn lambs: dexamethasone, n ¼ 4, control n ¼ 4, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Number of renal cortical a 1 -subunit samples in the fetuses: 60% gestation: dexamethasone, n ¼ 6, control n ¼ 5, 80% gestation: dexamethasone, n ¼ 6, control n ¼ 6, 90% gestation, dexamethasone, n ¼ 6, control n ¼ 6, newborn lambs: dexamethasone, n ¼ 6, control n ¼ 6, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Number of renal cortical b 1 -subunit samples in the fetuses: 60% gestation: dexamethasone, n ¼ 6, control n ¼ 6, 80% gestation: dexamethasone, n ¼ 6, control n ¼ 6, 90% gestation: dexamethasone, n ¼ 6, control n ¼ 6, newborn lambs: dexamethasone, n ¼ 5, control n ¼ 6, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Values mean + SD. a P < .05 versus control for the same age group; b P < 0.05 versus control fetuses at 60% of gestation; c P < .05 versus control fetuses at 80% of gestation; d P < .05 versus control fetuses at 90% of gestation; e P < .05 versus control newborn lambs.
Cerebral Cortex
Renal Cortex A B concentrations: r ¼ .74, n ¼ 27, P < .001; Figure 4B renal cortex: gestation: r ¼ .11, P ¼ .51, n ¼ 36, plasma cortisol concentrations: r ¼ .28, n ¼ 31, P ¼ .12). The a 1 -subunit expression demonstrated direct relationships with both increases in gestation and endogenous plasma cortisol concentrations in the cerebral cortex and renal cortex ( Figure 5A cerebral cortex: gestation: r ¼ .74, n ¼ 16, P < .001, plasma cortisol concentrations: r ¼ .77, n ¼ 13, P < .001; Figure 5B renal cortex: gestation: r ¼ .63, n ¼ 17, P < .001, plasma cortisol concentrations: r ¼ .73, n ¼ 16, P < .001).
The b 1 -subunit isoform expression demonstrated direct relationships with both increases in gestation and endogenous plasma cortisol concentrations in the cerebral cortex. There was an inverse relationship between the b 1 -subunit expression and gestational age in the renal cortex, but no correlation between the b 1 -subunit and plasma cortisol concentrations ( Figure 6A cerebral cortex: gestation: r ¼ .88, n ¼ 16, P < .001, plasma cortisol concentrations: r ¼ .92, n ¼ 13, P < .001; Figure 6B renal cortex: gestation: r ¼ À.51, n ¼ 18, P < .05, plasma cortisol concentrations: r ¼ À. 28 ,
The a 2 -subunit expression demonstrated a direct relationship with increases in gestation, but not with changes in endogenous plasma cortisol concentrations (data not shown; gestation: r ¼ .89, n ¼ 12, P < .001, plasma cortisol concentrations: r ¼ .46, n ¼ 12, P ¼ .13). The b 2 -subunit expression demonstrated an inverse relationship with increases in gestation but not with changes in endogenous plasma cortisol concentrations (data not shown; gestation: r ¼ À.93, n ¼ 11, P < .0001, plasma cortisol concentrations: r ¼ À.49, n ¼ 11, P ¼ .13). The a 3 -subunit expression did not demonstrate correlations with increases in gestation or changes in plasma cortisol concentrations (data not shown; gestation: r ¼ .24, n ¼ 12, P ¼ .45, plasma cortisol concentrations: r ¼ .24, n ¼ 12, P ¼ .46).
In Table 2 , the multiple regression correlation coefficients ''R'' and the partial correlation coefficients are summarized for the changes in Na þ ,K þ -ATPase activity and subunit protein isoform expression versus gestational age and plasma cortisol concentrations in the cerebral cortex and renal cortex of the control fetuses. The multiple regression partial correlational analysis compared the relative strength of the association between the increases in gestation and plasma cortisol concentrations and the changes in activity and subunit expression. This analysis demonstrated relatively equal strengths of association between the increases in gestational age and plasma cortisol concentrations and increases in Na þ ,K þ -ATPase activity in the cerebral cortex. The analysis confirmed that the associations between the increases in a 2 -and b 1 -subunit expression, and the decreases in b 2 -subunit expression and increases in gestational age were greater than that of the changes in cortisol concentrations. In the renal cortex, the analysis confirmed the lack of association between changes in Na þ ,K þ -ATPase activity and increases in gestational age and plasma cortisol concentrations. This analysis demonstrated relatively equal strengths of association between the changes in gestational age and Figure 3 . Panel A shows representative Western immunoblots of the Na þ ,K þ -ATPase a 2 -, b 2 -, and a 3 -subunit isoform protein expression in the cerebral cortex of the dexamethasone (D) and control (C) pretreatment groups at 60%, 80%, 90% of gestation, newborn lambs, and adult sheep. One representative sample is shown for each group. Panel B shows Na þ ,K þ -ATPase a 2 -, b 2 -, and a 3 -subunit isoform protein expression in the cerebral cortex plotted as a ratio of the densitometry values to the internal control samples for the fetuses, newborn lambs, and adult sheep. Bar designations as of Figure 1 . Number of cerebral cortical a 2 -subunit samples in the fetuses: 60% gestation: dexamethasone, n ¼ 7, control n ¼ 6, 80% gestation: dexamethasone, n ¼ 4, control n ¼ 3, 90% gestation: dexamethasone, n ¼ 6, control n ¼ 6, newborn lambs: dexamethasone, n ¼ 5, control n ¼ 6, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Number of cerebral cortical a 3 -subunit samples in the fetuses: 60% gestation: dexamethasone, n ¼ 7, control n¼6, 80% gestation: dexamethasone, n ¼ 4, control n ¼ 3, 90% gestation: dexamethasone, n ¼ 6, control n ¼ 6, newborn lambs: dexamethasone, n¼6, control n ¼ 6, and adult sheep: dexamethasone, n ¼ 4, control n ¼3. Number of cerebral cortical b 2subunit samples in the fetuses: 60% gestation, dexamethasone, n ¼ 7, control n ¼ 6, 80% gestation: dexamethasone, n ¼ 3, control n ¼ 3, 90% gestation: dexamethasone, n ¼ 6 control n ¼ 6, newborn lambs: dexamethasone, n ¼ 6, control n ¼ 6, and adult sheep: dexamethasone, n ¼ 4, control n ¼ 3. Values mean + SD. a P < .05 versus control fetuses at 60% of gestation; b P < .05 versus control fetuses at 80% of gestation; c P < .05 versus control fetuses at 90% of gestation.
plasma cortisol concentrations and increases in a 1 -subunit expression.
Discussion
The purpose of our study was to examine the ontogeny as well as the effects of exogenous and endogenous glucocorticoids on Na þ ,K þ -ATPase activity and its isoform expression in cerebral cortices and renal cortices of sheep during development. The major findings of our study were as follows: (1) Na þ ,K þ -ATPase activity and each subunit exhibit specific differential developmental regulation unique to cerebral cortex and renal cortex. (2) In the cerebral cortex, Na þ ,K þ -ATPase activity appears to increase gradually during gestation with the highest values late in fetal development and in the newborn period, whereas the major increases in the renal cortex appear after birth. (3) In the cerebral cortex, the various individual Na þ ,K þ -ATPase subunit isoforms do not necessarily exhibit the same ontogenic pattern as the changes in enzyme activity. (4) Exogenous glucocorticoids regulate Na þ ,K þ -ATPase activity and subunit expression in brain and kidney at some but not all ages. (5) Exogenous glucocorticoids appear to have a relatively greater effect on Na þ ,K þ -ATPase in the renal cortex than the cerebral cortex of the fetus. (6) Endogenous increases in cortisol appear to have a relatively greater regulatory affect on fetal cerebral cortical than renal cortical Na þ ,K þ -ATPase.
Consistent with our previous findings in fetal sheep and newborn lambs, 26, 37 Na þ ,K þ -ATPase activity was higher in the cerebral cortex than renal cortex during development. Na þ ,K þ -ATPase activity and the a 1 -, a 2 -, a 3 -, b 1 -and b 2 -subunits in the cerebral cortex were expressed early in fetal life and throughout ovine development. Na þ ,K þ -ATPase enzyme activity in the cerebral cortex exhibited ontogenic increases during gestation and was highest in the near-term fetal sheep and in newborn lambs. The individual subunit isoforms did not necessarily follow the same developmental pattern of expression as the enzyme activity because the a 1 -isoform was highest in the fetal sheep at 90% of gestation, a 2 -isoform highest in newborn lambs and adult sheep, and a 3 -isoform highest in the newborn lambs. The b 1 -isoform was highest in newborn lambs and b 2 -isoform highest at 60% of gestation. Therefore, the mechanism by which Na þ ,K þ -ATPase activity increases during gestation most likely results from heterogenous combinations of different isoforms that collectively contribute to the increases in enzymatic activity because the individual subunits in the cerebral cortex do not reflect patterns similar to those of the enzyme activity. These findings are consistent with previous work, demonstrating that increases in Na þ , K þ -ATPase activity are not always reflected by increases in subunit messenger (mRNA) abundance. 42 The brain expresses 3 aand 3 b-subunits in different cell types. 9 The relative differences in the subunits expressed during ovine development could also reflect differences in the amount of glia and neurons at each age, as we measured enzyme activity and subunit expression on crude membrane fractions from samples of total frontal cerebral cortex rather than in specific cell types. We were not able to localize the protein subunits to specific cell types by immunostaining as we had limited frozen tissue samples available from our former studies. 20, 21, 24, 25 Nonetheless, the relative increase in the a 1 -subunit in the fetuses at 90% of gestation suggests that this isoform was upregulated in neurons and glia cells at this age, the increase in the a 2 -subunit in newborns and adults that this isoform was upregulated in glia at these ages, and the increase in the a 3 -subunit in newborns that this isoform was upregulated in neurons. Likewise, the increase in the b 1 -subunit in the adult sheep suggests relatively higher expression of this isoform in the neurons of the adult sheep, and the relative increase in the b 2 -subunit suggests that more of this isoform was expressed in glia at 60% of gestation. The ontogenic increases in the expression of these isoforms most likely do not represent increases in total neuronal or glial cellular numbers, as we have previously demonstrated decreases in total and neuronal cellular numbers, and no change in nonneuronal cellular numbers in fetal sheep between 70% and 90% of gestation. 43 In rodent brain, Na þ ,K þ -ATPase activity and the majority of the isoform subunits increase during gestation with continued increases after birth reaching adult levels by 20 to 30 days after birth. 14, 35 In contrast to the findings in rodents, Na þ ,K þ -ATPase activity in the cerebral cortex increased during gestation through the neonatal period but was lower in adult sheep. In general, the a 1 -and a 2 -isoforms followed a similar general pattern, but the other subunits varied in their maximal expression at different gestational and postnatal ages. The differences between our findings in sheep and those in rodents most likely result from differences in brain development among species. 44 A large proportion of brain development in the sheep occurs before birth and, similar to the human, the sheep exhibits 2 distinct brain growth phases. 44, 45 The first phase occurs between 40 and 80 days of gestation and represents neuronal multiplication and the second phase occurs between 95 and 130 days of gestation and represents neuralgia multiplication and myelination. [44] [45] [46] In contrast, the majority of the rodent brain growth occurs after birth. 44 In contrast to the findings in the cerebral cortex, Na þ ,K þ -ATPase activity, a 1 -and b 1 -isoform expression in the renal cortex remained relatively low during gestation and increased after birth without further increases in the adult. The developmental pattern of Na þ ,K þ -ATPase in the renal cortex in sheep also differed from those of rodents. 14, [47] [48] [49] In rats, the renal cortical enzyme activity increases from postnatal day 16 through 40, with the largest increase being between days 16 and 20 of age, when the corticosterone levels increase. 48 Consistent with the findings in rodents 48 and previous work in sheep, 29 the plasma cortisol levels were highest in the newborns, suggesting that the increases in renal cortical Na þ ,K þ -ATPase activity in sheep were related to the perinatal surge in cortisol. The differences between the sheep and rodents in renal Na þ ,K þ -ATPase maturation could also relate to differences in renal maturation between species. In sheep, there are abrupt renal functional maturational changes after birth, 50 but in rodents, the increases continue during postnatal maturation. 48 Our findings in sheep are also consistent with maturational changes observed in the guinea pig renal cortex, in which there was an upregulation of Na þ ,K þ -ATPase activity and subunit abundance immediately after birth. 51 Exogenous glucocorticoids regulated ovine Na þ ,K þ -ATPase activity and subunit expression in brain and kidney at some but not all ages. Treatment with exogenous glucocorticoids increased Na þ ,K þ -ATPase activity in the cerebral cortex only in adult sheep. The reason that exogenous glucocorticoids increased Na þ ,K þ -ATPase activity in the adult sheep but not the other age groups cannot be ascertained by our studies. However, the adult sheep received a dose of 6 mg, whereas the newborn lambs received 0.01 mg/kg per dose. In our former work, 26 0.01, 0.25, and 0.50 mg/kg per dose were administered directly to newborn lambs in the same regimen as in the current study, but only the 0.50 mg/kg dose was associated with a significant increase in cerebral cortical Na þ ,K þ -ATPase activity and a 1 -isoform expression. Consistent with our previous findings, the dose of 0.01 mg/kg did not result in an increase in Na þ ,K þ -ATPase activity in the lambs.
Although maternally administered dexamethasone readily crosses to fetus as placenta 11b-hydroxysteroid dehydrogenase has a low affinity for synthetic glucocorticoids, 52 penetration of dexamethasone into the brain could be limited by the presence of the multidrug-resistance gene 1-type P-glycoproteins (MRD1). MRD1 forms a functional barrier to lipid-soluble drugs that potentially could limit the access of dexamethasone and endogenous glucocorticoids to the brain. 53 Thus, it is possible that higher doses of dexamethasone could have had a greater effect on Na þ ,K þ -ATPase in the brain at the other ages. Nonetheless, we have previously shown that fetuses of ewes receiving the same dexamethasone regimen exhibited lower brain water contents at 60% of gestation 24 and less apoptosis at 70% of gestation. 43 In addition, exposure to multiple courses of dexamethasone actually reduced Na þ ,K þ -ATPase activity at 70% of gestation. 37 Hence, the maternal treatment with glucocorticoids may have varying affects on different aspects of brain development in the same species.
In the renal cortex, maternal dexamethasone treatment increased Na þ ,K þ -ATPase activity at 60%, 80%, and 90% of gestation, but not in newborn or adult sheep, and increased a 1 -isoform expression at 60%, 80%, and 90% of gestation and the b 1 -subunit only at 90% gestation. In contrast, dexamethasone treatment decreased the a 1 -and increased the b 1 -subunit in the adult sheep. These findings suggest that exogenous glucocorticoid exposure has a greater effect on the renal cortical than the cerebral cortical Na þ ,K þ -ATPase, and that the kidney could be more sensitive to exogenous glucocorticoids during fetal life than after birth in newborn 26 and adult sheep. The greater effect of exogenous glucocorticoids on Na þ ,K þ -ATPase activity and a 1 -isoform expression in the fetal than adult renal cortex could be because glucocorticoid and mineralocorticoid receptors are higher in the fetal than adult kidney. 54 The increases in Na þ ,K þ -ATPase activity in the renal cortex are confirmatory of previous work. 29, 55 Our findings further suggest that glucocorticoids administered to the mother accelerate the maturation of renal Na þ ,K þ -ATPase in fetuses both early and later in gestation. Consistent with our findings that dexamethasone increased Na þ ,K þ -ATPase in the fetus, but not adults, prior work has shown that immature tubular cells are more sensitive than mature tubular cells to the inductive effects of hormones. 47 The pituitaryÀadrenal cortical axis is well known to mature during fetal development and cortisol concentrations increase particularly in the latter part of gestation. 39 Endogenous glucocorticoids modulate the developmental processes of numerous tissues including the brain and kidney. 20, 22, 29 We have previously shown that endogenous increases in cortisol are associated with decreases in bloodÀbrain barrier permeability during normal fetal development, and increases in the expression of the tight junction protein, ZO-2, in the fetal cerebral cortex. 20, 41 Our current findings support the contention that increases in endogenous plasma cortisol are also associated with increases in Na þ ,K þ -ATPase activity, a 1 -and b 1 -subunit isoform expression in the cerebral cortex, whereas, in the renal cortex, increases in cortisol are only associated with increases in the a 1 -subunit, but not with enzymatic activity or the b 1 -subunit. These findings suggest that the endogenous increases in cortisol could be in part responsible for the ontogenic increases in Na þ ,K þ -ATPase in the cerebral cortex during development in the fetus.
Our findings that maternal treatment with exogenous glucocorticoids increases renal, but not cerebral Na þ ,K þ -ATPase, and that endogenous increases in glucocorticoids appear to have a greater effect on cerebral than renal Na þ ,K þ -ATPase suggests differential responsiveness of these tissues to both endogenous and exogenous glucocorticoids. These findings are consistent with the view that during gestation increases in endogenous cortisol are associated with increases in Na þ ,K þ -ATPase in the cerebral cortex, and thus cerebral Na þ ,K þ -ATPase is not responsive to maternal treatment with exogenous glucocorticoids. Endogenous glucocorticoids bind to the mineralocorticoid receptor, but synthetic glucocorticoids bind predominantly glucocorticoid receptor. 56, 57 Consistent with our findings that endogenous cortisol might have a greater impact on Na þ ,K þ -ATPase in the cerebral cortex, previous work has shown that the affinity of cortisol is greater for the mineralocorticoid than glucocorticoid receptor in sheep brain. 58 In contrast, in the renal cortex, the endogenous increases in cortisol were not associated with increases in Na þ ,K þ -ATPase and therefore renal Na þ ,K þ -ATPase remains responsive to exogenous glucocorticoids. Therefore, the differential responsiveness of Na þ ,K þ -ATPase in brain and kidney to endogenous and exogenous glucocorticoids could possibly relate to developmental differences in the proportion of the glucocorticoid and mineralocorticoid receptors in these tissues.
We conclude that developmental increases in endogenous cortisol concentrations contribute to maturational increases in Na þ ,K þ -ATPase activity in cerebral cortex, but not in renal cortex during ovine gestation. Maternal treatment with dexamethasone increases Na þ ,K þ -ATPase activity in renal cortex but not in cerebral cortex. The effects of ontogeny, and endogenous and exogenous glucocorticoids effects on Na þ ,K þ -ATPase activity and its subunits during the development are age-and organ-specific in sheep.
Perspectives
Maternal glucocorticoid therapy is widely used to treat pregnant women in premature labor. The relatively low-dose treatment regimen that was given to the ewes in our study was similar to that used in the clinical setting. Our findings suggest that changes in endogenous cortisol concentration have a relatively greater effect on fetal Na þ ,K þ -ATPase maturation in brain, but exogenous glucocorticoid treatment has greater impact on Na þ ,K þ -ATPase in the kidney during fetal development. The relatively greater effects of exogenous glucocorticoid treatment on the kidney than brain could suggest that this treatment has potential consequences for body volume and/or electrolyte homeostasis, and potentially for later cardiorenal homeostasis. Our findings also emphasize that the effects of endogenous glucocorticoids and exogenous treatment with glucocorticoids may differ in an organ-specific manner during development.
